We demonstrate the fabrication of individual Cu nanowires with a probe-based electrochemical deposition method. The electrolyte used for the electrochemical deposition was carried within a pipette probe, which eliminated the need for a plating bath and created a clean environment for the continuous fabrication of nanostructures. The fabrication of vertically aligned, solid, polycrystalline Cu nanowire arrays was realized, with the Cu nanowires having diameters down to 200 nm and lengths up to 10 m. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2177538͔
Due to the versatility of electrochemistry for plating and surface finishing of a wide range of materials, the principle of electrochemistry has recently been pursued and applied for the fabrication of various metallic nanostructures.
1-6 For example, electrochemical deposition has been used to deposit large arrays of nanostructures in nanoporous templates, such as porous alumina or irradiated polymeric membranes.
1, 5, 6 This template-based deposition typically provides metal nanowires as small as 40 nm in diameter and a few micrometers in length. 6 Most recently, templated electrochemical deposition of metal nanowires on step edges of graphite has also been demonstrated, which produces metal nanowires having diameters as small as 15 nm. 7 Such templated deposition, though efficient for fabricating metal nanowires in large quantities, is limited by the need of a prestructured template for nanowire fabrication, and is thus incapable of creating complex three-dimensional ͑3-D͒ nanostructures. For applications that require the localized fabrication of nanostructures, such as the fabrication of interconnects for electronics packaging and repair, or the fabrication of complex 3-D structures such as high-frequency coil antennas for microwave transmission and plasmonics, 2,3 probebased techniques would be the most flexible and efficient.
In the traditional probe-based electrochemical deposition method, a sharp conductive probe and a substrate are submerged in an electrolyte plating bath, and the localized electric field applied between the probe and the substrate induces local deposition when the probe is brought very close to the substrate. [8] [9] [10] The method has shown great potential as a fast and inexpensive way of fabricating arbitrary-shaped, high aspect ratio 3-D nanostructures ͑e.g., columns and helices͒ on a wide range of conductive and semiconductive substrates. However, structures produced by this method are usually porous and have feature sizes in the tens of micrometers 8 due to the limitation in producing and maintaining a sharp conductive probe and in confining the electric field down to nanoscale dimension. In addition, electrolyte bath-based deposition is not suitable for devices in which exposure to ionic solution needs to be avoided.
We present a technique that eliminates the electrolyte bath used in traditional probe-based electrochemical deposition, and realizes the fabrication of an array of freestanding metal nanowires having diameters down to ϳ200 nm. Here, the electrolyte was contained inside a nanopipette probe. The nanopipette used in the experiment has an external diameter at the tip down to 200 nm and has a pore size down to 100 nm. The advantage of using an electrolyte filled probe is that the deposition is governed by the shape and diameter of the nanopipette rather than the localization of the electric field. In addition, substrate contamination due to electrolyte bath can be avoided: the electrolyte comes in contact with the substrate only at the place where the nanostructure is to be deposited. The technique has most recently been applied by Iwata et al. to show the electrochemical deposition of 100 nm dots and lines coated on a substrate surface. 11 We demonstrate here the deposition of freestanding Cu nanowires using a nanopipette filled with CuSO 4 electrolyte. The deposited Cu nanowires were found to be polycrystalline and conductive.
The schematic in Fig. 1 shows the basic principle of the nanopipette-based electrochemical deposition process. Commercially available glass pipettes with aperture sizes of 500, 200, and 100 nm were used. The selected pipette was filled with 0.05 M CuSO 4 electrolyte ͑Transene Inc.͒ and mounted on a custom made piezo-driven flexure stage which provided fine nanometer resolution linear motion. A Cu electric wire was inserted into the electrolyte inside the pipette and functioned as an anode. A silicon substrate coated with 5 nm/ 100 nm thick chrome/gold film was served as a cathode and the sample surface for the nanowire deposition. Coarse motions in the x, y, and z directions were provided by Burleigh inchworm stages. For the deposition, an electric potential was applied between the substrate and the copper wire inserted into the pipette, and the pipette was towards the substrate by the fine and coarse motion stages. The ionic current was measured with an electrometer and monitored by a control system. As soon as the pipette came in contact with the substrate, an electrolyte meniscus was formed between the pipette and the substrate, and a noticeable rise in the measured ionic current was observed, indicating the initiation of the electrochemical deposition of Cu on the substrate. The pipette was then reversed in motion direction and slowly pulled away from the substrate at a constant speed such that the ionic current remained constant in order to produce the deposition of a uniform and solid copper nanowire. The deposition process was fully automated with LABVIEW program and was carried out at room temperature in air. Figure 2 shows a 10ϫ 10 freestanding Cu wire array with a grid spacing of 7 m deposited using a glass pipette having a 500 nm aperture. A constant electric potential of 0.4 V was applied between the probe and the substrate. Stable deposition of Cu wire was realized at a pipette pullback speed of 250 nm/ s. The ionic current measured during this deposition process was about 2 nA. As shown in Fig. 2 , the Cu wires were uniform with no evident porosity. The length of the Cu wire is about 3 m and is limited only by the pullback travel range of the piezodriven flexure stage. The diameter of the cylindrical portion of the wire is 645 nm, and its base, being a little bigger: 950 nm. The wire diameter is slightly bigger than the aperture size of the pipette, because the meniscus formed at the tip of the pipette during the deposition process extends beyond the inner aperture. The same has been observed in wires deposited with 100 and 200 nm aperture size pipettes. Cu wires deposited with a 200 nm aperture size pipette have an average diameter of 320 nm. The four nanowires shown in Fig. 3͑a͒ were deposited with a 100 nm aperture size pipette. The nanowires were 10 m long, and between 200 and 250 nm in diameter. Deposition of nanowire tilted at a certain angle up to 60°off the substrate was also realized by synchronizing the motion of the probe and the substrate during the deposition. It is expected that the deposition of more intricate shapes is possible by programming the motion stages to move along a designed path.
The variation in ionic current during the deposition of nanowire is shown in Fig. 3͑b͒ . As the pipette approaches the substrate, the current-time plot shows a sharp rise when a meniscus is formed between the pipette and the substrate, and when deposition is initiated. The current then decreases due to the formation of a diffusion layer 5 and stabilizes at a constant value during growth of the Cu nanowire. The density of the deposits and hence the porosity of the structures can be estimated from the acquired current plot and the dimension of the deposited nanowire according to Faraday's law applied for the related electrochemical reaction Cu 2+ +2e
− → Cu. By assuming a 100% current efficiency for the electrochemical deposition, the density of the deposit is
where Q is the amount of charge input, d is the diameter and l is the length of nanowire, F is the Faraday constant, Z is the valence number, and A is the atomic weight of Cu. For the current versus time plot shown in Fig. 3͑c͒ , it took 40 s at an average current of 190 pA to deposit a nanowire of 200 nm in diameter and 10 m in length as shown in Fig. 3͑a͒ . The density of the deposit thus calculated is ϳ7970 kg/ m 3 , which compares well with the density of bulk metal Cu ͑8230 kg/ m 3 ͒, implying the solid and nonporous nature of the deposited nanowires.
The conductivity of the deposited nanowire was characterized with a four-point resistance measurement. A Cu wire 500 nm in diameter and 10 m in length was picked up from the substrate with manipulation and placed onto a microchip with four electrodes fabricated with photolithography. The wire was connected to the four electrodes with thin platinum leads fabricated with focused ion beam microscopy ͑FEI Strata 235͒. The measurement was then carried out in a vacuum of 10 −6 Torr. Figure 4͑a͒ shows the acquired I-V curve from the nanowire. The curve is perfectly linear with a slope of 580 ⍀, indicating the metallic nature of the nanowire. The calculated conductivity for the Cu nanowire is 8.7ϫ 10 4 S / m. The nanowire is capable of carrying a maximum current of 2 mA, giving a breakdown current density of ϳ10 6 A/cm 2 in vacuum. To determine the structure of the Cu nanowires, a 250 nm diameter 10 m long nanowire was picked up from the substrate and transferred onto a transmission electron microscope ͑TEM͒ grid. The selected area electron diffraction pattern from the sample ͓Fig. 4͑b͔͒ showed that the nanowire was, as expected, polycrystalline. A clear lattice-resolved TEM image of the whole nanowire was not obtained due to its relatively large diameter, though lattice fringes were visible for some Cu grains in the thin sections of the nanowire.
The deposition process is reliable and repeatable, though infrequent clogging of the pipette at low humidity can occur. If the humidity is low ͑Ͻ30% -35% ͒, CuSO 4 crystallizes out of the solution due to the high evaporation rate near the pipette tip, and forms a slush-type ball of a mixture of CuSO 4 crystallites and liquid at the end of the pipette. The deposition rate can potentially be increased by increasing the applied electric potential and thus increasing the current density. However, the increase of the electric potential causes the depletion of the electrolyte and ultimately results in the evolution of hydrogen bubbles at the cathode leading to porous Cu deposits. 3 The decomposition potential for the electrolysis of water is 1.23 V and higher if overpotential is considered. The current density can also be increased by increasing the concentration of electrolyte, although in our experiments, an increased concentration tends to clog the pipette more frequently due to the crystallization of CuSO 4 at the pipette aperture.
The Cu nanowires thus deposited in our experiment are polycrystalline. It would be interesting to grow single-crystal nanowires by adjusting the deposition parameters, such as the electric potential, temperature, and the chemical additives in electrolyte. It is suggested that single-crystal formation in electrochemical deposition is preferred when the growth of the initial nuclei is faster than the formation of new nuclei. Lower electric potential, higher temperature and the absence of additives in the templated electrochemical deposition of Cu were recently reported to encourage the growth of the initial Cu nuclei and yield single-crystal deposits. 5, 6 The electrochemical deposition of Cu nanowire with even smaller diameter is also desired, by the use of pipette with much smaller aperture or the use of nanotube pipette. 
